Objective To separately investigate the prevalence and risk factors of external root resorption (ERR) in maxillary and mandibular second molars (M2s) adjacent to impacted third molars (M3s). Materials and methods CBCT scans involving 184 maxillary and 323 mandibular impacted M3s were included. Age, gender, the impaction status of M3, the presence, severity, and location of ERR in M2 were assessed. Risk factors were identified by multivariate logistic regression analyses. Results The prevalence of ERR was 32.6% in maxillary and 52.9% in mandibular M2s (P < 0.001). Mesio-angulated and deeply impacted M3s were identified as risk factors for both ERR in maxillary and mandibular M2s (P < 0.05). Besides, age over 25 increased the risk of ERR in maxillary M2s (P < 0.05). ERR in maxillary M2s was overall more severe than that in mandibular M2s (P < 0.001). For maxillary M2s, ERR mostly occurred at the apical third, while the mandibular M2s ERR was most frequently detected at the cervical third. Conclusions ERR occurring in M2s adjacent to impacted M3s is common, especially in mandibular M2s. ERR in maxillary M2s cannot be neglected because of its relatively high severity. Mesial angulation and impaction depth of M3 are significantly associated with ERR in M2s. For ERR in maxillary M2s, age is another predictive parameter. Clinical relevance Considering the presence of ERR is associated with M3s' impaction, watchful monitoring or prophylactic removal of impacted M3s should be deliberated especially for the patients over 25 years and with mesially inclined and deeply positioned M3s.
Introduction
Impacted third molars (M3s), which fail to completely erupt into functional position due to either lack of space or development in an abnormal position, may bear pathological changes including periodontitis, caries, and development of cysts or tumors [1] . They were also associated with caries in the distal surface of adjacent second molars (M2s), external root resorption (ERR) of M2s, and damage to the distal periodontal tissue of M2s [2, 3] .
External root resorption (ERR) was defined as the loss of hard dental tissue (i.e., cementum and dentin) on the external surface of a permanent tooth, primarily as a result of the action of odontoclastic cells [4] . Occurrence of root resorption required two phases: chemical or mechanical injury to the protective tissues and stimulation by infection or pressure [5] . ERR in M2s occurring at the site of contact with adjacent impacted M3s indicated that the pressure exerted by the latter took part in the process of this type of resorption [6] , which was usually aseptic [5] . Therefore, unlike caries or periodontitis, this kind of damage to M2s associated with M3s could not be prevented by good oral hygiene. The lack of pathognomonic symptoms and its hidden position could result in belated diagnosis of ERR [7] , which highlights the significance of identifying the risk factors for ERR in M2s associated with impacted M3s.
The literature regarding ERR in M2s associated with impacted M3s were mainly case reports or retrospective studies based on periapical or panoramic radiographs, reporting the ERR prevalence ranging from 0.3 to 24.2% [8] [9] [10] [11] . However, two-dimension (2D) radiography, with superimposition of images of anatomical features located at different distances from the X-ray source, may give rise to relatively high false positive or negative interpretation of hard tissue loss, leading to inaccurate diagnosis of ERR [12] . Nowadays, conebeam computed tomography (CBCT), with distinct advantages of three-dimension (3D) visualization free from overlaps, had been widely applied in dental practice [7] . Several recent studies have found that the prevalence of ERR based on CBCT assessment can be 1.3-4.3 times more than those based on panoramic radiographs [13, 14] . In particular, the prevalence of ERR in M2s based on assessment of CBCT images ranged 20.2-54.9% [12] [13] [14] [15] [16] [17] .
The prevalence and associated factors of ERR in mandibular M2s adjacent to impacted M3s have been extensively reported [9, 12, [14] [15] [16] , while the knowledge of ERR in maxillary M2s remained limited. According to a few CBCT studies, the prevalence of ERR in mandibular M2s was significantly higher than that in maxillary M2s [13, 17] . However, when risk factors for the presence of ERR in M2s were assessed, the cases in maxillary and mandibular M2s had to be pooled together for analysis due to the limited sample sizes in the previous studies [6, 8, 13, 17] . Considering the differences of bone structures, tooth anatomies, and M3s eruption trajectories between the upper and lower jaws, which may result in the discrepant prevalence of ERR, separate evaluation of the risk factors for ERR in maxillary and mandibular M2s might be more reliable.
Therefore, the objective of this retrospective research, based on CBCT scans, was to analyze the prevalence of ERR in maxillary and mandibular M2s adjacent to impacted M3s, and to identify the risk factors for the presence of ERR in M2s from upper and lower jaws respectively. Besides, the severity of ERR in maxillary and mandibular M2s was also investigated.
Materials and methods

Sample selection
The study was reviewed and approved by the Ethics Committee of the Guanghua School and Hospital of Stomatology, Sun Yatsen University (ERC-2017-09). Seven hundred and twelve CBCT images were randomly selected from an archive of 3500 radiographs with a field of view (FOV) of 16 × 7 cm and a voxel size of 0.20 mm, which were just enough to display the complete upper and lower dentition and were of sufficiently high resolution. These CBCT radiographs had been taken for diagnostic purposes before treatment at various departments, including endodontics (most), surgery, and orthodontics, in the Hospital of Stomatology, Sun Yat-sen University between January 2010 and January 2018.
The included CBCT scans must adequately display the relation between the impacted M3 (i.e., M3 without a functional position) and the adjacent M2 in the FOV. The exclusion criteria were as follows: the M3s or M2s associated with cystic lesions, the M3s or M2s presenting extensive carious lesions or malformations, the M3s with less than two thirds of the root developed, images with artifacts due to the presence of highdensity materials or other reasons that obscured the areas of local anatomy and structures [12] .
Via screening with the inclusion/exclusion criteria mentioned above, CBCT data of 276 patients (124 males and 152 females), with a mean age of 34 years (range from 16 to 81 years), involving 507 M2s adjacent to impacted M3s (184 in maxilla and 323 in mandible; 266 at the left and 241 at the right) were collected and assessed.
Radiographic assessment
The images were obtained by a CBCT scanner (DCTPRO, VATECH, Yongin-Si, Republic of Korea). The operating parameters were set at 90.0 kVp and 9.0 mA with a scanning time of 24 s. The measurements were evaluated by using the Ez3D 2009 software (Vatech Corporation, Hwaseong-si, Gyeonggi-do, Republic of Korea).
According to the classification by Pell and Gregory [18] , the impaction depth of the M3 was categorized as follows: class A, the highest portion of the M3 was above or level with the occlusal plane of the M2; class B, the highest portion of the M3 was between the occlusal plane and the cervical line of the M2; and class C, the highest portion of the M3 was below the cervical line of the M2 (Fig. 1a, b ). The mesial angulation of the M3 was determined by measuring the angle at which the occlusal plane of the M2 and the occlusal plane of the M3 intersected [19] (Fig. 1c ). Here, the M3 was defined as distally, vertically, mesially, and horizontally impacted when the mesial angulation was < − 14°, − 14-15°, 16-75°, and > 75°, respectively. The distance between the mesial cementoenamel junction (CEJ) of the M3 and the distal CEJ of the adjacent M2 (abbreviated as "CEJ distance") was measured according to Leone et al [20] (Fig. 1d ). All the abovementioned variables describing the impaction status of the M3 were evaluated in the sagittal planes of CBCT scans. Among them, the mesial angulations of the M3 and the CEJ distance were both measured in three different sagittal planes, and then the average values were recorded [21] . In order to precisely describe the impaction status, the buccal/lingual inclination of the M3, which was evaluated in the coronal or axial planes, was also assessed.
The presence of ERR was defined as a clear loss of substance on the distal surface of the root of M2 due to direct contact between the M2 and the adjacent M3 [10] . The ERR was classified according to its location (cervical, middle, or apical third of the root) and severity (slight: involving less than half the dentin thickness; moderate: involving at least half the dentin; severe: involving the pulp cavity [22] ) ( Fig. 2 ).
All the images were independently evaluated by two observers (Danna Li and Yiwei Tao). If there was disagreement, it was resolved by discussion to consensus. Should the disagreement not be resolved, a third author Dr. Minyi Cui (radiologist) was consulted to come to agreement. In order to verify the reproducibility of our measurement of the above radiographic characteristics, the intra-observer agreement was assessed after the examination of 51 randomly selected cases (10% of the whole) was repeated by the same observer (Danna Li) with an interval of 1 month.
Statistical analyses
Statistical analyses were performed using SPSS software, version 20.0 for Windows (SPSS Inc., Chicago, IL, USA). The inter-observer and intra-observer agreement on the measurement of the radiographic characteristics was estimated by Cohen's κ test (poor agreement, less than 0.40; moderate agreement, 0.40 to 0.59; good agreement, 0.60 to 0.74; excellent agreement, 0.75 to 1.00) [16] . Since wisdom teeth usually erupt from about 16 years, we grouped patients in 16-25, 26-35, and > 35 years with 10-year increments from 16 years [12] . Associations between the demographic (age and gender) or radiographic characteristics and the presence of ERR on the distal surface of M2 were assessed by Pearson χ 2 independence tests. Then, two multivariate logistic regression models were built to further evaluate predictive values of the screened factors for the prevalence of ERR in maxillary and mandibular M2s, respectively. The association between ERR severity and age was evaluated by Goodman and Kruskal's gamma correlation analysis. ERR severity among different groups classified according to the radiographic characteristics was compared by Mann-Whitney U test or Kruskal-Wallis test. The significance was set at P < 0.05.
Results
The κ test revealed excellent inter-observer agreement (κ = 0.848-0.977, P < 0.001) and intra-observer reliability (κ = 0.754-0.970, P < 0.001).
The prevalence of ERR in maxillary M2s and mandibular M2s were 32.6% (60/184) and 52.9% (171/323), respectively (χ 2 = 19.538, P < 0.001).
ERR in M2s and its associations with various demographic and radiographic characteristics are shown in Table 1 . Pearson χ 2 independence tests indicated that age, mesial angulation of M3, and impaction depth of M3 and CEJ distance were related to the presence of ERR in maxillary M2s (P < 0.05). For mandibular M2s, significant associations were found between ERR and mesial angulation of M3, impaction depth of M3, Fig. 1 Impaction status of the third molar (M3). a, b Impaction depth of the M3 according to the classification of Pell and Gregory [18] . c Mesial angulation of the M3 [19] . d Distance between the mesial cementoenamel junction (CEJ) of the M3 and the distal CEJ of the second molar (M2) [20] and buccal/lingual inclination of M3 and CEJ distance (P < 0.05). Compared to the other age groups, ERR in maxillary M2s was less found in patients aged 16-25 years (18.3%). 84.8% (156/184) of the impacted maxillary M3s were distoangular or vertical (mesial angulation < − 14°and− 14-15°), while 80.5% (260/323) of the impacted mandibular M3s were mesially or horizontally inclined (mesial angulation 16-75°a nd > 75°). Notably, M3s with mesial angulation 46-75°were related to the highest prevalence of ERR in M2s (maxillary, 100%; mandibular, 78.1%), followed by those with mesial angulation 16-45°.
As the factor "CEJ distance" was significantly correlated with the factor "mesial angulation of M3" (R 2 = 0.480, P < 0.001) ( Fig. 3) , CEJ distance was not included in the multivariate logistic regression models.
As shown in Table 2 , age over 25 years was identified as a risk factor for ERR in maxillary M2s (26-35 years: OR 4.29; over 35 years: OR 3.06; both P < 0.05). M3s with mesial inclinations of 16-75°(i.e., mesially impacted) were 9.66 times more likely to cause ERR in maxillary M2s when compared with those outside of this range (P < 0.05). Moreover, class B and C impacted M3s presented higher risk to cause ERR in maxillary M2s when compared with class A impacted M3 s (OR 6.80 and 11.24, respectively; both P < 0.05).
For ERR in mandibular M2s, mesial angulation of M3 over 15°(i.e., mesially and horizontally impacted) was associated with the increased risk (P < 0.05) (Table 3) . Especially, the M3s with mesial inclination between 46 and 75°were highly likely to result in ERR of M2s (OR 49.41; P < 0.05). In addition, the risk of ERR in mandibular M2s associated with impacted M3s in depth of class C was 3.09 times higher than that resulted from class A and B impacted M3s (P < 0.05) ( Table 3) .
Distributions of ERR severity were different between maxillary (55.0% slight, 8.3% moderate, 36.7% severe) and mandibular M2s (77.8% slight, 18.7% moderate, 3.5% severe). M2s ERR in maxilla was overall more severe than that in mandible (Mann-Whitney U test, mean rank = 141.09, 107.20; P < 0.001).
The severity of ERR in maxillary M2s increased with age, so did that in mandibular M2s (G > 0; both P < 0.001) ( Table 4 ). ERR severity of maxillary M2s was statistically different among groups according to its location, mesial angulation, and impaction depth of M3 (P < 0.05) ( Table 5 ). Notably, the ERR location was differently distributed in maxillary and mandibular M2s. More than half of maxillary M2s ERR were located at the apical third of the root (31/60), while the mandibular M2s ERR was mostly detected at the cervical (83/171) and middle thirds (66/171). For both maxillary and mandibular M2s, ERR occurring at apical third of the root was the most severe (Tables 5 and 6 ).
Discussion
The factors associated with ERR in maxillary and mandibular M2s have not yet been respectively identified, though ERR was more frequently detected in mandibular M2s than maxillary ones on both panoramic radiographs and CBCT images [13, 17] . This is the first study to separately analyze the effect of impacted M3s on ERR in maxillary and mandibular M2s based on CBCT examination. The risk factors of M2s ERR associated with impacted M3s were characterized.
In the present investigation, the prevalence of ERR associated with impacted M3s was 32.6% in maxillary and 52.9% in mandibular M2s, which was generally agreed with previous CBCT findings (from 20.2 to 54.9%) [12] [13] [14] [15] [16] [17] . The difference between the prevalence of ERR in upper and lower M2s could be partially explained by the fact that the most common impaction type of maxillary M3s was the disto-angular and vertical, while that of mandibular M3s was the mesio-angular and horizontal (Table 1) . Mesio-angular and horizontal impaction of M3 has been identified as a risk factor of ERR in adjacent M2s [8, [13] [14] [15] 17] . In addition, the distal portions of upper and lower M2s differed in configuration, so their susceptibility to the pressure caused by impacted M3s may be different even when the upper and lower M3s were in the same impaction status. Potential factors associated with ERR in M2s were explored separately for upper and lower jaws in our study. Some risk factors were related to ERR both in maxillary and in mandibular M2s, including mesio-angular and class C impaction of M3s. The results have strengthened clinical observations that the mesially and horizontally impacted M3s were Fig. 3 Correlation between mesial angulation of the third molar (M3) and "CEJ distance" (R 2 = 0.480, P < 0.001). CEJ distance, the distance between the mesial cementoenamel junction (CEJ) of the M3 and the distal CEJ of the second molar (M2) [8, [13] [14] [15] 17] , probably because of a relatively large contact area between the M3 and the M2. Our data found that class C impaction were associated with the highest prevalence of ERR in maxillary and mandibular M2s (45.3% and 65.3%, respectively), which was in line with previous reports that the apical region was the most susceptible region for ERR in subjects with completely impacted M3s [8] . Nevertheless, Oenning et al stated that class A and B impaction was related to a higher ERR prevalence in mandibular M2s compared with class C [16] . More recently, Wang et al demonstrated that class A and C impaction had a higher risk to cause ERR in mandibular M2s when compared with Class B [12] . These discrepancies may be due to the difference of patient selection and inclusion criteria. A largesample study with a consistent inclusion/exclusion criteria from multiple clinical centers would be invaluable to further our understanding of M3 impaction and its effects on the adjacent M2, including the prevalence of ERR in M2s. Moreover, the present study revealed that horizontally impacted M3s in the lower jaw and class B impacted M3s in the upper jaw were also risk factors of ERR in M2s. Of note, the mesial inclination of M3s was quantified in this study, reducing observation bias and enriching information about mesially impacted M3s in detail. Although horizontally impacted M3s have a larger contact area with their adjacent M2s, mesially impacted M3s with an inclination of 46-75°were identified to have the highest risk to cause ERR in mandibular M2s, according to our results. This implied that ERR of M2s was most likely to occur when the stress from the mandibular impacted M3 was directed to a certain area of the distal surface of the M2. Maxillary M3s with mesial angulation 46-75°could not be isolated for the regression analysis due to the limited samples, though we found they resulted in a very high prevalence of ERR in their adjacent M2s. A further study with sufficient sample size in the upper jaw was needed to provide a better insight. Age over 25 years was identified as another risk factor for ERR in maxillary M2s, which accorded with previous findings that younger patients had relatively lower incidence of ERR [8, 12, 16, 17] . However, we found no significant association between ERR prevalence and age for mandibular M2s. This could be explained by the fact that, when compared to upper impacted M3s, lower impacted M3s are either more readily symptomatic or more visually accessible, thus leading to earlier extraction.
Although ERR was more frequently found in mandibular M2s than in maxillary ones, it was overall more severe in maxillary M2s than in mandibular ones. Our results supported the notion that once ERR occurs, its severity increases with age because root resorption induced by mechanical pressure from impacted teeth may be progressive over time [12] . From this viewpoint, early removal of the impacted M3s was highly suggested to prevent further damage to M2s once ERR was detected. Notably, ERR at apical third of the root was found to be the most severe, which was in line with the findings by Nemcovsky et al [8] . According to their statement, the pressure on the periodontal ligament and distal surface of the roots of M2s would decrease when M3s were partially erupted. Another possible explanation is that apical cementum is considerably softer than cervical cementum [23] . When the upper and lower jaws were separately considered, ERR in maxillary M2s mostly occurred at the apical third of the root, while ERR in mandibular M2s least occurred at the apical third (Tables 5  and 6 ). Based on the above, it is indeed reasonable that the severity of ERR in maxillary M2s was higher than that in mandibular M2s.
There is still insufficient evidence to support or refute routine prophylactic removal of asymptomatic impacted M3s in adults [1] . Our study has found a relatively high prevalence of ERR in M2s adjacent to impacted M3s and a higher risk of ERR in maxillary M2s for patients older than 25 years, which may support prophylactic extraction of impacted M3s. Besides, we identified mesial angulation and impaction depth of M3s as important factors associated with ERR prevalence in M2s, which should be taken into consideration for making clinical decisions. Surgeons should also take into account other pathological changes related to M3s and the potential complications associated with the surgery before removing M3s. In addition, since the prognosis and the treatment of ERR in M2s adjacent to impacted M3s are dependent on location and severity of the lesion [24] , the analyses of location and severity of ERR in this study could provide in-depth reference for the treatment planning of involved M3s and M2s.
The radiographic distinction between ERR and root caries are generally reliable when assessed by CBCT images, which have better sensitivity and specificity compared with 2D radiographs [4, 7] . However, ERR was diagnosed only by radiographs in this research, lacking validations by clinical or histological information. Further longitudinal studies should be designed to provide more supporting evidence. CBCT may not provide adequate contrast resolution for proper assessment of soft tissues, hence, impacted M3s were not classified according to the coverage by soft tissue or bone in the present study, missing a potential influencing factor for ERR of M2s. Another limitation is that M3s with less than two third of the root developed were excluded in the study, despite the possibility that M3s with developing roots may lead to some cases with ERR of the adjacent M2s. In addition, the statistical unit in this study was the M3, even when 2-4 M3 s per patient were included in some cases. Ideally, at most, one M3 per jaw for each patient should be selected; otherwise, it could give rise to bias.
In conclusion, ERR in M2s adjacent to impacted M3s is not a rare clinical condition and can be accurately identified by CBCT scans, especially in the mandibular M2s. On the other hand, the severity of ERR is generally higher in maxillary M2s. When a maxillary impacted M3 is mesially inclined or in class B/C impaction, clinicians should evaluate carefully whether there is ERR in its adjacent M2 and take into account further assessment by CBCT, followed by watchful monitoring and careful consideration of extracting the M3, especially for patients over 25 years old. For the mandibular M3s, mesially or horizontally impacted ones or those in class C should be kept under surveillance. While we have identified that M2s can be resorbed by the presence of M3s, whether M3s should be surgically removed depends on presence of clinical needs represented by the presence of symptoms and the extent to which the resorption has occurred to necessitate removal of M3s to preserve M2s as functional units in the dentition. Clinicians should also pay close attention to the clinical presentation to reduce the impact of any intervention on anatomical structures which are closely related.
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